Cytopathogenicity of classical swine fever virus (CSFV) depends on the presence of defective particles containing a subgenomic (sg) RNA with a defined deletion. In a previous report we described the spontaneous generation of this sg RNA and therefore of cytopathogenic (cp) CSFV in porcine kidney cell cultures persistently infected with CSFV. Frequently, some cells survived the CPE and could be further propagated. They remained positive for viral antigen and continued to shed complete virus and in most cases also defective virus particles. SK-6 cells that had survived the CPE (CPE surv cells) were used to investigate these findings further. In contrast to persistently infected cells that had not experienced a CPE, CPE surv cells were protected from the CPE when superinfected with cp CSFV or with cp bovine viral diarrhoea virus. Similarly, cells which
Introduction
Classical swine fever virus (CSFV) is the causative agent of a highly contagious disease in pigs. Together with bovine viral diarrhoea virus (BVDV) and border disease virus (BDV), it belongs to the genus Pestivirus within the family Flaviviridae (Wengler et al., 1995) . CSFV is a small, enveloped virus with a positive-strand RNA genome of approximately 12n3 kb. The genome contains a single, large open reading frame (ORF) encoding a precursor polyprotein of 3898 amino acids that is co-and post-translationally processed by viral as well as cellular proteases (Thiel et al., 1996) .
Pestiviruses can be divided into two biotypes with respect to their effect on tissue culture cells. The non-cytopathogenic (ncp) type replicates without obvious damage to the host cell, whereas the cytopathogenic (cp) variant destroys infected Author for correspondence : Jon-Duri Tratschin.
Fax j41 31 848 92 22. e-mail jon-duri.tratschin!ivi.admin.ch †Present address : Department of Virology, National Veterinary Institute, PO Box 585, 75123 Uppsala, Sweden. were rescued and further propagated after acute infection with cp CSFV also proved to be protected from the CSFV-induced CPE. When either virus obtained from CPE surv cells that had spontaneously lost the sg RNA or virus from which defective particles had been removed was used to establish persistently infected cells, these cells were also protected from the CPE after superinfection with cp CSFV. These findings suggest that the virus contained in CPE surv cells confers on the host cell the ability to resist the CSFV-induced CPE. However, when naive cells were infected with supernatants from CPE surv cells that contained defective virus particles, the CPE reappeared within three to five virus passages, indicating that the sg RNA retained its cytopathogenic potential.
cells. The cp viruses represent mutants of the ncp form and are thought to be generated by non-homologous RNA recombination during replication. The genomes of most cp isolates have been shown to contain various rearrangements of virus sequences and also insertions of host cell sequences. Cytopathogenicity of pestiviruses has been alternatively attributed to the presence of defective particles containing subgenomic (sg) RNA in the particular virus stocks (reviewed in Meyers & Thiel, 1996) .
The mechanism of pestivirus cytopathogenicity is not understood but the viral nonstructural protein NS3 certainly plays a key role in the process, though the correlation between NS3 expression and cytopathogenicity does not seem to be equally high for the three pestiviruses BDV, BVDV and CSFV. In the case of BVDV, cp viruses express NS3 in addition to unprocessed NS2-3, while ncp viruses express only NS2-3 (Meyers & Thiel, 1996) . In contrast, both cp and ncp CSFV have been shown to express NS3 in addition to NS2-3, but cp strains strongly over-express NS3 (Meyers & Thiel, 1995 ; Mittelholzer et al., 1997) . This suggests that NS3 is not sufficient per se to cause a CPE but that a threshold intracellular concentration of NS3 is required to induce the CPE. Alternatively, NS3 expressed by cp pestiviruses might differ structurally from NS3 originating from the corresponding ncp viruses and therefore could have altered properties (Meyers & Thiel, 1996) . This possibility has to be considered, at least while the cleavage site between NS2 and NS3 has not been determined. Furthermore, the involvement of additional viral as well as cellular factors in the process of CPE induction has to be considered. It was shown recently that infection with cp BVDV leads to apoptosis (Zhang et al., 1996) and it was speculated that the serine proteinase function of NS3 could somehow activate the proteolytic cascade associated with apoptosis (Hoff & Donis, 1997) .
To investigate the interactions between host cells and pestiviruses, we have established cell cultures persistently infected with CSFV. In some of these cultures, a cytopathogenic sg RNA was generated de novo and caused a CPE (Mittelholzer et al., 1997) . Here we show that the replication of CSFV sg RNA is down-regulated in cells that have survived the CSFV-induced CPE and that these cells are protected from the CPE when superinfected with cp pestiviruses. We also show that this property can be transferred to uninfected cells by the virus that persists in protected cells.
Methods

Viruses.
The biological clones A.1 and B.2 are derived from the CSFV strain Alfort\187 and were obtained by three rounds of end-point dilution (Mittelholzer et al., 1997) . Recombinant CSFV vA187-1 was rescued after transfection of RNA transcribed in vitro from a full-length cDNA clone of Alfort\187 (Ruggli et al., 1996) . Recombinant CSFV vA187-CAT and vA187-ins44 were derived from vA187-1 by insertion of the chloramphenicol acetyltransferase (CAT) gene in the N pro region (Moser et al., 1998) and by insertion of 44 random nucleotides in the 5h UTR, respectively (C. Moser, unpublished results) . Cytopathogenic CSFV, cp vA187-1, was isolated from an SK-6 culture persistently infected with vA187-1 at the time when a spontaneous CPE occurred (Mittelholzer et al., 1997) . BVDV strain Osloss was obtained from the Institute of Veterinary Virology, University of Berne, Switzerland, and grown in SK-6 cells. Swine vesicular disease virus (SVDV) was propagated on SK-6 cells.
Cells.
The porcine kidney cell line PK-41, originally obtained from IFFA-Me! rieux, Lyon, France, was grown in Dulbecco's modified Eagle's medium (DMEM) containing 5 % horse serum. The swine kidney cell line SK-6 (Kasza et al., 1972) , kindly provided by M. Pensaert (Faculty of Veterinary Medicine, Gent, Belgium) was seeded in minimal essential medium (MEM) containing Hanks' salts and 10 % horse serum. The medium was replaced after 3 h by MEM containing Earle's salts and 5 % horse serum.
SK-6 cells persistently infected with A.1, B.2 or vA187-1 and PK-41 cells persistently infected with either A.1 or B.2 have been described elsewhere (Mittelholzer et al., 1997) . The cells were passaged twiceweekly up to passage 102 and the supernatants of each passage were collected and stored at k70 mC.
Passage and titration of virus. To passage virus, SK-6 cell monolayers seeded in 25 cm# flasks were infected with 0n5 ml cell culture supernatant or 0n5 ml virus stock obtained after freeze-thawing infected cells, diluted with 1n5 ml serum-free medium. After 2 h, 3 ml medium containing 3 % horse serum was added. Virus was released from infected cells after 48 h by two cycles of freeze-thawing. Virus stocks obtained by low-speed centrifugation were stored at k70 mC.
For titration of virus, tenfold dilutions of supernatants or virus stocks in medium containing 2 % horse serum were dispensed into each of five wells of a 96-well plate seeded with either SK-6 or PK-41 cells. The titre was calculated at 48 h post-infection (p.i.) after monitoring CSFV-specific cell staining by an indirect immunofluorescence or immunoperoxidase assay that detects the viral envelope protein E2, as previously described (Mittelholzer et al., 1997) . As the sg RNA contained in defective virus particles lacks the E2 gene, the titre obtained does not reflect the content of defective particles in a given virus sample.
CPE assay by crystal violet staining. Cells in 6-or 24-well plates were inoculated for 2 h with 0n3 ml aliquots of serial tenfold dilutions of the various viruses. After addition of 0n7 ml medium containing 3 % horse serum, the cultures were incubated for 48 h at 37 mC before the medium was removed and the cells were heat-fixed. Staining solution containing 0n4 mg\ml crystal violet and 10 % formaldehyde in PBS was then added and the cultures were incubated for 30 min at room temperature. After washing twice with deionized water, the cultures were air-dried.
Northern blotting. RNA extraction, gel electrophoresis, vacuum blotting, labelling of the probe, hybridization and washing steps were carried out as described before (Mittelholzer et al., 1997) . A riboprobe (JL1) complementary to the 3h-terminal 204 nucleotides (nt) of the CSFV Alfort\187 genome (Ruggli et al., 1996) was used.
RT-PCR.
RNA from supernatants of infected cells was extracted by proteinase K digestion. Briefly, 0n45 ml supernatant was mixed with 50 µl 10i extraction buffer (200 mM Tris-HCl pH 7n5, 50 mM EDTA, 5 % SDS) before adding 5 µl proteinase K (20 mg\ml). Reactions were incubated for 40 min at 37 mC, followed by phenol-chloroform extraction and ethanol precipitation. The RNA was then reverse-transcribed with the Expand Reverse Transcriptase kit (Boehringer Mannheim) in the presence of 100 pmol reverse primer HR3 (complementary to nt 8207-7191 of the CSFV Alfort\187 genome) for 60 min at 42 mC, followed by purification through an S-400 Microspin column (Pharmacia). To detect recombinant virus, PCR was performed with one-tenth of the purified cDNA, 20 pmol each of primers Pest3 (corresponding to nt 100-119 of the CSFV Alfort\187 genome) and NheI-LiL (complementary to 20 of the 44 nt inserted in vA187-ins44) or CAT-SmaR and CATSmaL (complementary to the ends of the CAT gene inserted in vA187-CAT). For detection of sg RNA, primers Pest1 (corresponding to nt 310-329 of the CSFV Alfort\187 genome) and PR5 (complementary to nt 5596-5577 of the CSFV Alfort\187 genome) were used. The cycling profile was 94 mC for 20 s, 55 mC for 20 s and 72 mC for 1 min for all three PCRs.
Results
Virus-induced CPE in persistently and acutely infected cells
We have previously described the establishment of porcine kidney cell lines, PK-41 and SK-6, persistently infected with CSFV. When these cells were passaged over 100 times, seven out of a total of ten cultures showed a spontaneous CPE after various numbers of passages. The CPE was characterized by vacuolation, rounding up and detachment of the cells from the culture flask and in all cases correlated with the appearance of CJIC Fig. 1 . Northern blot analysis of SK-6 and PK-41 cell cultures persistently infected with vA187-1, A.1 or B.2 CSFV after 102 cell passages (lanes 1-10), of a mock-infected SK-6 cell culture (lane 11) and of an SK-6 cell culture acutely infected with cp vA187-1 (lane 12). Total RNA was separated in a denaturing formaldehyde agarose gel and positive strand virus-specific RNA was detected using the riboprobe JL1. wt, Wild-type genomic RNA ; sg, subgenomic RNA ; 28S, 28S ribosomal RNA. The parallel sets of cultures are indicated (a, b).
massive amounts of a viral sg RNA containing an identical deletion of 4764 nt. Progression of the CPE was rapid and resulted in the lysis of almost all cells (Mittelholzer et al., 1997) . However, a small number of cells survived and, after a period of crisis, formed monolayers and could be passaged as before. The seven cultures derived from cells which had survived the CPE (CPE surv ) were indistinguishable with respect to growth parameters and cell morphology from the three cultures which had never shown a CPE. All cultures remained persistently infected and secreted infectious CSFV into the supernatant throughout the experiment. The titres of infectious virus secreted by the CPE surv cultures were not decreased compared with those observed before the CPE had occurred but were approximately 100 times lower when compared with virus titres obtained in acute infections (data not shown).
Survival of a small fraction of cells was also observed after acute infection of SK-6 cells with cp CSFV at an m.o.i. of either 5 or 0n05. Similarly to persistently infected cells that had survived the CPE, these cells could be further passaged and continued to secrete infectious virus (data not shown).
Characterization of cells surviving the CPE
Northern blot analysis of all ten persistently infected cultures at passage 102 is shown in Fig. 1 (lanes 1-10) . Of the seven CPE surv cultures, five retained the subgenomic RNA even though they had been passaged up to 95 times after the CPE had occurred (Fig. 1, lanes 1, 3, 7, 8 and 9 ). However, the amount of sg RNA in most of these cultures was dramatically lower than the amount detected when RNA was analysed at the time of maximal CPE or from a culture acutely infected with cp CSFV (Fig. 1, lane 12) . The observed variation in the ratio between genomic and sg RNA was not specific for particular cultures, but was within the range seen when RNA isolated from different cell passages of the same culture was analysed (data not shown). As expected, in extracts of cultures for which a CPE had not been observed during passaging, no sg RNA was detected (lanes 4-6). The weaker signals in lanes 3-6 are due to the lower virus titres in PK-41 cells compared with SK-6 cells. Two of the CPE surv cultures had lost the sg RNA, as indicated by Northern blot analysis after 102 cell passages (lanes 2 and 10). However, these cells contained viral genomic RNA and continued to produce infectious CSFV. RT-PCR analysis of RNA extracted from supernatants collected during passaging of the CPE surv culture represented in lane 2 revealed that the sg RNA became undetectable as early as four cell passages after the spontaneous CPE had occurred (data not shown).
Subgenomic RNA derived from CPE surv cells is cytopathogenic
When virus shed from CPE surv cells that had retained the sg RNA was used to infect SK-6 cells, the CPE reappeared within three to five virus passages, accompanied by a dramatic increase in the amount of sg RNA. This is shown in Fig. 2 for the passage of virus from the supernatant from cell passage 100 of cell line SK-6 A.1\a (see Fig. 1, lane 7) . The multiplicity for all infections was approximately 10, except for the first passage ; in this case it was approximately 0n1 because of the low virus concentration in the supernatant of the persistently infected culture. An increase in the amount of sg RNA, as assayed by Northern blotting (Fig. 2 A) , and the occurrence of the CPE (Fig. 2 B) became obvious after three virus passages (lane 2). Complete infection of the four cultures shown in Fig.  2 (B) at 48 h p.i. was confirmed by the detection of the viral envelope protein E2 by an indirect immunoperoxidase assay (data not shown). These data indicate that defective particles containing the cytopathogenic sg RNA were produced and secreted by the persistently infected culture and that the sg CJID C. Mittelholzer and others C. Mittelholzer and others . vA187-1/c (row 5) is a culture that was persistently infected with vA187-1 and had never experienced a CPE. Cells were stained with crystal violet 48 h p.i. All persistently infected cultures that had survived the initial CPE (rows 1-4), but not culture vA187-1/c (row 5) and the mock-infected culture (row 6), were protected from the CPE.
RNA maintained its cytopathogenic potential when introduced into uninfected cells. Furthermore, the correlation between sg RNA concentration and the appearance of the CPE is confirmed.
CPE surv cells are protected from the CPE when superinfected with cytopathogenic CSFV
The data obtained so far indicated that in CPE surv cells the ratio between sg and genomic RNA was lower compared with cells acutely infected with cp CSFV (Fig. 1) . This suggests that the absence of a CPE in CPE surv cells is a consequence of down-regulation of sg RNA synthesis. To investigate this hypothesis further we examined whether a CPE could be induced in such cells by superinfection with cp CSFV.
The four CPE surv cultures A.1\a, A.1\b, B.2\a, and B.2\b (see Fig. 1 , lanes 7-10), which had been passaged up to 95 times after the CPE had occurred, were superinfected with serial dilutions of cp vA187-1. As shown in Fig. 3 (rows 1-4) , these cells were completely protected from the CPE. This was also the case for cultures derived from SK-6 cells which were rescued after acute infection with cp CSFV (data not shown). In contrast, a persistently infected SK-6 culture that had not experienced a CPE (row 5) and a mock-infected culture (row 6) showed a CPE at virus dilutions up to 10 −# . The apparent partial destruction of the monolayer observed after staining of cells infected with undiluted virus in rows 1-4 is not considered to be a virus-specific CPE, as concluded from microscopic examination of the cells and from the observation that cell Uninfected cells (a), persistently infected cells that had never experienced a CPE (b) and persistently infected cells from culture SK-6 vA187-1/a rescued after the CPE (c) were infected at multiplicity of 2. RNA was extracted at 20 h p.i. and analysed by Northern blotting with a probe specific for CSFV positive strand RNA. Lanes 1-3, mock infection ; 4-6, infection with ncp vA187-1 ; 7-9, infection with cp vA187-1. wt, Wild-type genomic RNA ; sg, subgenomic RNA ; 28S, 28S ribosomal RNA. monolayers partially detach from the surface when infected with undiluted extracts obtained after freezing and thawing of infected cells. Interestingly, the SK-6 culture which had lost the sg RNA within a few passages was also protected (row 4), although it was superinfected as late as 60 cell passages after the CPE was observed. This suggests that suppression of the CPE is a property of CPE surv cells that is maintained even after the sg RNA is no longer detectable.
We used one of the CPE surv SK-6 cultures to examine the correlation between protection from the CPE and downregulation of sg RNA synthesis (Fig. 4) . Uninfected SK-6 cells (a), SK-6 cells persistently infected with vA187-1 that had not experienced a CPE (b) and the CPE surv cell line SK-6 vA187-1\a (see Fig. 1 , lane 1) that had survived the CSFV-induced CPE (c) were infected with cp vA187-1 at an m.o.i. of 2 (lanes 7-9) and RNA was analysed by Northern blotting at 20 h p.i. As a control, the same cells were either mock-infected (lanes 1-3) or infected with ncp vA187-1 at an m.o.i. of 2 (lanes 4-6). Analysis of the cultures revealed large amounts of CSFVspecific RNA when uninfected cells were infected with ncp vA187-1 (lane 4), whereas there was no change in the amount of viral RNA or the ratio of genomic to sg RNA in the two persistently infected cultures before (lanes 2 and 3) or after superinfection with ncp vA187-1 (lanes 5 and 6). However, when the same three cultures were superinfected with cp vA187-1 a striking difference was observed between the two persistently infected cultures. Similarly to uninfected cells (lane 7), persistently infected cells which had not experienced a CPE produced large amounts of sg RNA (lane 8) . This demonstrated that the latter culture was still infectable with CSFV and that in these cells the replication of sg RNA was not down-regulated, resulting in a rapid appearance of the CPE. In contrast, CPE surv cells produced only small amounts of sg RNA (lane 9), consistent with the absence of a CPE after superinfection of such cells with cp vA187-1 (Fig. 3) . The data shown in Fig. 4 do not reveal whether the absence of an increase in sg RNA after superinfection of CPE surv cells with cp virus is due to a block in virus entry or to downregulation of RNA synthesis, as superinfection with either cp vA187-1 or ncp vA187-1 did not allow differentiation between replication of the resident virus and the superinfecting virus. We therefore infected the three cultures (a-c) analysed in Fig.  4 with one of two recombinant viruses, vA187-CAT and vA187-ins44, which can be differentiated from wild-type vA187-1 by RT-PCR. RT-PCR analysis of viral RNA extracted from cell culture supernatants collected at 20 and 44 h after superinfection revealed replication of progeny recombinant virus in all three cultures. However, in contrast to acutely infected cells, which produced large amounts of viral RNA, only small amounts of recombinant viral RNA were detected in supernatants of the two persistently infected cultures (data not shown). These findings show that persistently infected cultures can be superinfected but that replication of the introduced viral RNA is poor compared with acute infection of SK-6 cells. However, in contrast to replication of sg RNA, the efficiency of viral genomic RNA replication seems to be independent of whether or not the persistently infected cells have experienced a CPE.
The two surviving cultures which had lost the sg RNA (see Fig. 1, lanes 2 and 10) were also superinfected with cp vA187-1. No CPE was observed and Northern blot analysis showed the presence of only moderate amounts of sg RNA in these cells also. By using the recombinant marker CSFV vA187-CAT it was shown that these cells can be superinfected (data not shown). This demonstrates that these cells have similar properties to CPE surv cells that have maintained the sg RNA. All CPE surv cultures we examined could therefore be superinfected with CSFV but proved to be protected from the CPE after infection with cp CSFV.
Protection from the CPE is pestivirus-specific
To investigate the specificity of the protection observed in the CPE surv cells, the three cultures analysed in Fig. 4 were superinfected with either cp vA187-1, cp BVDV or SVDV (Fig.  5) . Superinfection with SVDV (Fig. 5 A) , a cytopathogenic porcine virus unrelated to CSFV, resulted in rapid development of a CPE in all three cultures (a-c). In contrast, when cp CSFV vA187-1 (Fig. 5 B) or cp BVDV Osloss (Fig. 5 C) were used, protection from CPE was observed for the CPE surv culture (c) but not for uninfected cells (a) or the persistently infected culture which had not experienced a CPE (b). These results show that cells persistently infected with CSFV can be superinfected with cp BVDV and that they are susceptible to a CPE mediated by this pestivirus. However, cultures which had survived the CPE induced by cp CSFV were subsequently also protected from a CPE mediated by cp BVDV but not from a CPE induced by SVDV.
Protection from the CPE is a virus property
To analyse further the factor(s) responsible for the observed protection from CSFV-induced CPE, we examined whether the virus (genomic viral RNA) contained in the CPE surv cells could confer protection on uninfected cells. For this purpose, we used either virus from the supernatants of the two SK-6 cultures that had spontaneously lost the sg RNA (Fig. 1, lanes 2 and 10) or CPE surv cell-derived virus from which defective particles were removed by end-point dilution. Establishment of persistently infected cultures with these viruses allowed us to analyse the effect of the virus shed from CPE surv cells in the absence of defective particles (sg RNA). SK-6 cells were infected at a multiplicity of approximately 0n1 with either of the viruses and the cultures were passaged three to five times at intervals of 3 to 4 days. Immunoperoxidase staining confirmed that all cells were infected. When these cells were superinfected with serial dilutions of cp CSFV as described before (see Fig. 3 ), they proved completely protected from the CPE. When propagated further, the cultures showed minor signs of a CPE after two passages, which disappeared after two additional passages of the cells. In parallel, the sg RNA concentration increased temporarily in these cells and then returned to levels similar to those found earlier in CPE surv cells (data not shown).
In an additional experiment, 0n8 ml supernatant obtained from passage 1 of each of two of the persistently infected cultures was neutralized with 0n1 ml porcine anti-CSFV serum before inoculation of SK-6 cells. After two passages, these cells were neither infected nor were they protected against the CPE when infected with cp CSFV. In contrast, a control culture inoculated with 0n1 ml supernatant that was not neutralized was completely infected and also protected from the CSFVinduced CPE (data not shown). This indicates that the virus, rather than a soluble factor secreted by CPE surv cells, is responsible for the protection observed.
Discussion
We have previously described the spontaneous occurrence of a CPE accompanied by the generation of a particular viral sg RNA in porcine kidney cell cultures persistently infected with CSFV (Mittelholzer et al., 1997) . Some cells survived the CPE (CPE surv cells) and could be further propagated ; they remained persistently infected and were phenotypically indistinguishable from uninfected cells. These cells contained viral genomic RNA and in addition, in most cases, sg RNA (Fig. 1) . However, the amount of sg RNA was reduced in CPE surv cells and it was undetectable in two of the surviving cultures. Nevertheless, viral sg RNA that was shed from CPE surv cells in defective particles retained its ability to cause a CPE when introduced into uninfected cells via infection with culture supernatant (Fig.  2) . CPE surv cultures also continued to produce infectious CSFV, indicating that the cells did allow virus replication and release. We therefore conclude that in CPE surv cells replication of sg RNA is down-regulated to levels insufficient to cause a CPE. Interestingly, when CPE surv cultures were superinfected with either cp CSFV (Fig. 3) or cp BVDV (Fig. 5 ), they were protected from the CPE. Furthermore, protection of these cells from the CPE induced by cp pestiviruses but not from the SVDV-induced CPE indicates that the mechanism involved is pestivirus-specific (Fig. 5) . Protection from the CSFV-induced CPE always correlated with low levels of sg RNA in cells after superinfection with cp CSFV (Fig. 4, lane 9) .
The replication efficiency of superinfecting virus in persistently infected cells was found to be similar, irrespective of whether or not the cultures had previously experienced a CPE. Furthermore, superinfection of CPE surv cultures that had lost the sg RNA with cp CSFV or a recombinant marker CSFV proved that these cells allow virus entry and replication of genomic as well as of sg RNA. However, the level of the sg RNA was reduced and development of the CPE was suppressed. Taken together, these findings argue against a block in pestivirus entry. Rather, the low level of sg RNA and the absence of a CPE in CPE surv cells superinfected with cp CSFV results from the same mechanism that prevents the CPE from occurring in CPE surv cells that have retained the sg RNA.
The observed down-regulation of sg RNA replication and the protection from pestivirus-induced CPE could either be a property of the host cells which have survived the CPE or be due to mutations in the sg or the genomic RNA contained in persistently infected cells. However, protection of cells from the CPE after superinfection with cp CSFV did not require the presence of sg RNA in CPE surv cells (Fig. 3, row 4) . Furthermore, protection from the CPE could be transmitted to uninfected cells either by virus derived from CPE surv cells that had spontaneously lost the sg RNA or by virus from which sg RNA had been removed by end-point dilution. These findings suggest that the virus (genomic viral RNA) persisting in the CPE surv cells is able to mediate protection from the CPE and they argue against a role of the cells or of the sg RNA.
As virus derived from persistently infected cells that have not experienced a CPE does not confer protection, we suggest that mutant CSFV is selected when cp CSFV is generated de novo in cells persistently infected with CSFV. This would explain the survival and expansion of cells containing this virus. We have not yet analysed these viruses at the genome level. Extensive sequencing of several independent isolates and comparison with the parent virus will be required to detect relevant differences which could account for the altered phenotype.
Interestingly, infection of naive cells with virus derived from CPE surv cells that had maintained the sg RNA (although at reduced levels, correlating with the absence of a CPE) led consistently to the reappearance of a CPE and to a dramatic increase in the concentration of defective particles after three to five virus passages (Fig. 2) . This seems to contradict the aforementioned hypothesis that the virus has mutated and therefore provides protection from the CPE to cells in which it persists (CPE surv cells) as well as to newly infected cells.
To explain these findings, we hypothesize that both the mutant virus, which mediates protection from the CPE by down-regulating sg RNA replication, and the parent wild-type virus, which allows efficient replication of the sg RNA, persist in CPE surv cells that have maintained the sg RNA. Furthermore, we consider that the parent virus replicates more efficiently in naive cells when compared with the mutant viruses that are selected in persistently infected cells at the time when cp virus is generated. When supernatants of CPE surv cells containing sg RNA are propagated on naive cells, the parent virus is therefore expected to outgrow the mutant virus, allowing amplification of the sg RNA and development of a CPE within three to five passages. In contrast, the spontaneous loss of the sg RNA in some CPE surv cultures might be due to the complete replacement of the wild-type virus by the presumed mutant virus, which would then account for protection from the CPE after superinfection with cp CSFV. However, upon superinfection with cp virus, wild-type virus as well as sg RNA is reintroduced into these cells. Accordingly, in these cells sg RNA can replicate and is maintained when the cultures are further passaged.
We have shown before (Mittelholzer et al., 1997) that the concentration of CSFV NS3 protein is strongly increased in both acutely and persistently infected cells that contain elevated concentrations of sg RNA and show a CPE. As translation of the sg RNA is expected to generate NS3 protein, the strong correlation shown here between sg RNA concentration and the CPE is compatible with the concept that the CSFV-induced CPE is caused by NS3 in a dose-dependent manner (Meyers & Thiel, 1995) . The situation for BVDV is somewhat different, as most cp strains do not contain sg RNA. Nevertheless, cytopathogenicity in BVDV also depends on the synthesis of NS3 (see Thiel et al., 1996) , suggesting a common mechanism responsible for the cytopathogenicity of pestiviruses.
Cells persistently infected with pestiviruses offer many possibilities for the study of virus-host cell interactions. Flores & Donis (1995) have described a mutant MDBK cell line derived from cells that had survived infection by a cp BVDV. These cells were free of BVDV and furthermore were resistant to infection by BVDV as well as by other pestiviruses, due to a block in virus entry. The persistently infected cells described here, particularly those protected from the pestivirus-induced CPE, could be a valuable tool for the investigation of common mechanisms underlying the cytopathogenicity of pestiviruses, but may also reveal differences between the three pestivirus species (see Meyers & Thiel, 1995) . Such studies may also allow a better understanding of the pathogenesis of BVDVinduced mucosal disease, where the generation of cp variants in persistently infected animals is ultimately fatal.
